Multicellular spheroids composed of transformed cells are known to mimic the growth characteristics of tumors and to develop gradients in proliferation with increasing size. This progressive accumulation of quiescent cells is presumably an active process that occurs in response to the microenvironmental stresses that develop within the three-dimensional structure, and, yet, little is known regarding either the signals that induce the cell cycle arrest or the molecular basis for the halt in proliferation. We have previously reported that regulation of cyclin-dependent kinase (CDK) inhibitors (CKIs) differs in monolayer versus spheroid cell culture. In this study, we have examined the expression of three CKIs in EMT6 mouse mammary carcinoma and MEL28 human melanoma spheroids, as a function both of spheroid size and of location within the spheroid. We report that expression of the CKIs p18
INTRODUCTION
The multicellular spheroid has long been accepted as an in vitro model of solid tumors (1) (2) (3) . As is observed within tumors, continued spheroid growth leads to the progressive accumulation of a quiescent subpopulation of cells in the aggregate center. This quiescent cellular subpopulation is analogous to those regions within tumors in which the vasculature is inadequate or occluded, resulting in a hypoxic mass of nonproliferating cells that are resistant to many current therapies (4, 5) . Cell cycle arrest within spheroids and tumors has been attributed to microenvironmental stresses, such as deprivation of oxygen, growth factors and/or nutrients, or the production of inhibitory factors from quiescent or necrotic cells (6 -8) . However, there is no direct evidence to support any mechanisms or causative agents, and very little is known about the molecular regulation of cell cycle progression in the inner regions of spheroids, or in the non proliferating regions of tumors.
Cell cycle progression is often regulated by the expression and activity of cyclins, cyclin dependent kinases (CDKs), CDK activators, and CDK inhibitors (CKIs; Refs. 9 -11) . The CKIs consist of two families that are grouped according to their protein structure (12) . The members of the INK4 (inhibitor of CDK4) family of CKIs, p16
INK4a , p15 INK4b , p18 INK4c , and p19 INK4d , form binary complexes with CDKs 4 and/or 6 (13, 14) . This association obstructs CDK/cyclin interaction, and the subsequent phosphorylation and inactivation of the retinoblastoma (Rb) protein and thereby inhibits the gene expression required for G 1 -to S-phase progression (15) . The INK4 CKI family has been implicated in cell differentiation and senescence (16 -18) and has received a lot of attention because of the observation that some members are often mutated or deleted in human cancers (19, 20) . The other CKI family includes p21 waf1/cip1 , p27 Kip1 , and p57 Kip2 . These proteins have been detected, at least in vitro, in complexes with cdc2 (CDK1), CDK2, CDK4, and CDK6, and cyclins A, B, D, and E and, thus, could potentially act as universal cell cycle inhibitors. However, in vivo, overexpression of p21 waf1/cip1 and p27 Kip1 leads to G 1 arrest (21, 22) , suggesting that, despite their broad in vitro specificity, this CKI family is also primarily involved in the regulation of G 1 -phase progression. It is important to note that this second family of CKIs are often found in proliferating cells, in which they are thought to act as adaptor proteins that assemble and program kinase complexes for specific functions (23) . However, protein expression increases in response to a variety of stresses, and the alteration in the ratio of CKI:cyclin/CDK determines the promoting or inhibitory activity of these molecules (24) .
We have recently demonstrated that the signals that regulate CKI expression differ in monolayer versus multicellular spheroid culture (25) . In fact, it is becoming increasingly clear that cells in spheroid culture (26, 27) , and even plateau-phase monolayer culture (28) , respond differently to a variety of growth-perturbing signals and drugs than do exponentially growing monolayer cultures. For these reasons, we have chosen the model that most closely mimics growth regulation in solid tumors, the multicellular spheroid, to begin to elucidate the molecular mechanisms, as well as the physiological signals, that induce quiescence in tumors.
In this study, we have determined that cell cycle arrest in mouse mammary carcinoma EMT6 spheroids and human melanoma MEL28 spheroids is an active process regulated by the induction of specific CKIs. We demonstrate that as the spheroid grows from a small aggregate containing only proliferating cells to one containing predominantly G 1 -phase-arrested cells, the overall levels of p18 INK4c , p21 waf1/cip1 , and p27 Kip1 increase. However, by examining the levels of these proteins in specific regions of the spheroid, we show that only p18 INK4c and p27 Kip1 expression correlates with growth arrest, whereas p21 waf1/cip1 decreases as cells enter a quiescent state. These results suggest that the expression of these three proteins is regulated by different microenvironmental signals. We also found that p18 INK4c and p27
Kip1 associate with, and inactivate, different CDK/CKI complexes in quiescent cells that come from spheroids, suggesting that there are multiple checkpoints activated by the spheroid microenvironment to ensure cell cycle arrest under non-growth-conducive conditions. Finally, we also show that the most microenvironmentally stressed cells have decreased levels of all of the cell cycle regulatory proteins measured, including CDKs, CKIs, and cyclins.
MATERIALS AND METHODS
Cell Lines and Monolayer Culture. EMT6 mouse mammary carcinoma cells (29) , obtained from Dr. Robert Sutherland (University of Rochester, Rochester, NY), and MEL28 human melanoma cells (30) , obtained from the American Type Culture Collection (HTB-72), were cultured in ␣-MEM, supplemented with 10% fortified bovine calf serum (Cosmic Calf Serum; Hyclone Laboratories) and antibiotics (50 g/ml streptomycin and 50 units/ml penicillin; Life Technologies, Inc.), hereafter referred to as complete medium. Monolayer cultures were maintained in treated polystyrene culture flasks or dishes in a 37°C incubator containing a humidified atmosphere of 5% CO 2 and 95% air. Cells were detached from dishes by incubation in 0.25% trypsin (Difco) in Puck's saline A containing 1 mM EDTA and 25 mM HEPES (pH 7.4). After the addition of complete medium, cell suspensions were passed twice through an 18-gauge needle to disrupt cell clumps.
Spheroid Culture and Assay. Spheroids were initiated by inoculating 1 ϫ 10 5 exponentially growing EMT6 or MEL28 cells into 100-mm dishes containing 15 ml of complete medium on top of an underlayer of 0.5% agarose (Sigma Chemicals) in complete medium. After 1 day, the spheroids were removed by decanting the medium, were pelleted by centrifugation (100 ϫ g, 5 min), and were resuspended in complete medium. Most of this spheroid suspension was placed into spinner culture. Aliquots of the spheroid suspension were diluted with PBS (Life Technologies, Inc.), and the number of spheroids/ml was determined by counting five replicate samples. A sample of the spheroids was sized with a microscope-based image processing system interfaced to a personal computer (Macintosh) using a video capture board (Scion) and the NIH Image analysis software. The major and minor axes of 25 separate spheroids were determined, and a geometric mean diameter was calculated. Each diameter measurement was calibrated against an image of a fixed spheroid of known diameter measured using the same microscope settings. An aliquot of the spheroid suspension was pelleted by centrifugation, resuspended in the same trypsin solution used for monolayer cultures, and incubated at 37°C for 10 min. After the trypsin exposure, cell suspensions from spheroids were handled as described above for suspensions of cells from monolayers. The mean cell number per spheroid was estimated by dividing the total number of cells recovered by the number of spheroids in the aliquot. One-half of the spheroids were removed from the spinner flask each day and were used for the assay of spheroid number, diameter, cells per spheroid, and protein analysis. The remaining spheroids were replaced in spinner culture with fresh complete medium.
Large diameter spheroids were obtained by spinner culture of aggregates, essentially as described in detail earlier (31, 32) . After 4 -5 days of culture in agarose-coated dishes, spheroids were size selected by sedimentation and were transferred to 500 ml of complete medium in a spinner flask (Belco), equilibrated with 500 ml of 5% CO 2 in 95% air, and spun at 200 rpm in a 37°C water bath. The medium and gas mixture were replaced daily thereafter, and aliquots of spheroids were removed daily to keep the total number of cells in the flask below 10 8 (2 ϫ 10 5 cells/ml). Spheroid Selective Dissociation. Large spheroids were dissociated into subpopulations of cells from different locations in the spheroid essentially as described previously (33) but using a specially designed suspension chamber described in detail elsewhere. 1 Briefly, 500 spheroids were size-selected to yield a population with a mean diameter between 1200 and 1300 m, with the coefficient of variation of the diameter for any given spheroid population Ͻ5%. The spheroids were then placed in a cylindrical chamber and perfused such that the aggregates remained in the bottom of the chamber, and the perfusate flowed out of the chamber through a 75-m nylon mesh. After washing the spheroids with PBS as a perfusate, they were switched to a dissociation solution containing 0.125% trypsin (Life Technologies, Inc.) in a phosphate buffer containing 1 mM EDTA and 25 mM HEPES to maintain the pH at 7.4. Cells dissociated from the spheroids flowed out of the chamber and were collected into stirred tubes containing complete medium on ice, and the remaining aggregates remained in the chamber. Careful control of the perfusion rate and the number of spheroids in the chamber resulted in the dissociation of cells from the outer spheroid surface, so that sequential collections of dissociated samples resulted in cell suspensions from different locations in the spheroid viable rim. 1 The dissociation rate was 2-3% of the total spheroid cell content per minute, resulting in a total dissociation time of 30 -36 min. Cell suspensions were stored on ice until dissociation was complete. Locations of the dissociated fractions were calculated from the cell counts and measurements of the viable cell rim, as described in detail previously (33) . 1 On the basis of variation in cell counts and histological observations (33) , 1 the location of the cell fractions is estimated to vary by less than 10 m.
Cell Counting and Volume Analysis. Three counts of each cell suspension were determined with an electronic particle counter (Coulter Electronics) interfaced with a pulse-height analyzer. Counts were taken only on that region of the cell volume distribution that excluded small-volume acellular debris. A cell volume distribution containing Ͼ10 4 cell measurements was saved for each sample and were analyzed to estimate the mean cell volume of the population. Volumes were calibrated by measurement of polystyrene spheres 7-21 m in diameter.
Flow Cytometric DNA Content Analysis. An aliquot containing 10 6 cells of each cell suspension was pelleted by centrifugation (1000 ϫ g, 10 min), resuspended in PBS, and fixed in 70% ethanol. Fixed cell samples were washed once with PBS and then were resuspended in PBS containing either 0.5 g/ml Hoechst 33342 or 50 g/ml propidium iodide (Sigma) with 100 g/ml RNase Type I (Sigma). Stained samples were analyzed on a flow cytometer (Becton Dickinson FACS Calibur) to collect DNA content histograms containing Ͼ10 4 cells. Histograms were analyzed for cell cycle phase distribution with MacCycle (Phoenix Flow Systems) using correction for background debris and aggregates.
Flow Cytometric Proliferation Analysis. Spheroids were exposed to a 30-min pulse label with 30 g/ml bromodeoxyuridine (BrdUrd), were quickly washed three times in cold (2°C) complete medium, and then were dissociated as described above. The cell suspensions were then fixed in 70% ethanol and kept at 2°C until flow analysis. Fixed cells were washed with balanced salt solution and then were stained with a combination of 25 g/ml Hoechst 33342 and 10 g/ml mithramycin. Both of these dyes fluorescently label DNA specifically, but the Hoechst fluorescence is reduced by the incorporation of BrdUrd into the DNA, whereas the mithramycin fluorescence is largely unaffected. Collection of both fluorescent signals in a list-mode fashion for each cell allows the derivation of a difference signal, which can be analyzed to determine the fraction of BrdUrd-incorporating cells in each cell cycle phase (34) . Analysis of cells from an exponentially growing monolayer showed that only 1-2% of the S-phase cells did not register as BrdUrd positive.
Western Analysis. Whole cell extracts were prepared by lysing the cells in four cell pellet volumes of radioimmunoprecipitation assay (RIPA) buffer [0.15 M NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton 100, and 50 mM Tris-HCl (pH 7.4)] for 30 min at 4°C. Samples involving large spheroids were further treated by triturating through a 22-gauge needle. The lysates were clarified by centrifugation at 13,200 ϫ g, and protein concentration was determined by the D C Protein assay (Bio-Rad). Fifty g of protein per lane were diluted in sample buffer [10% 2-mercaptoethanol, 2% SDS, 30% glycerol, 0.025% bromphenol blue, 50 mM Tris-HCl (pH 6.8)], fractionated on a 12% gel by SDS-PAGE, and then transferred to nitrocellulose membranes. Protein expression was detected by enhanced chemiluminescence (DuPont New England Nuclear) with rabbit polyclonal antibodies purchased from Calbiochem and Santa Cruz Biotechnology. p27
Kip1 was detected using (Santa Cruz) sc-528, a rabbit IgG raised against the COOH-terminal 19-amino-acid sequence of human p27. p18
INK4c was detected using sc-1208, a rabbit IgG raised against amino acids 1-168 representing full-length p18
INK4c of mouse origin. CDK2 was detected using sc-163, a rabbit IgG raised against an amino acid sequence mapping to the COOH terminus of CDK2 of human origin. CDK4 was detected using sc-601, a rabbit IgG raised against an amino acid sequence mapping to the COOH terminus of CDK4 of human origin. CDK6 was detected using sc-177, a rabbit IgG raised against an amino acid sequence mapping to the COOH terminus of CDK of human origin. Cyclin A was detected using sc-751, a rabbit IgG raised against amino acids 1-432 repre-senting full-length cyclin A of human origin. Cyclin D1 was detected using sc-246, a mouse IgG1. Cyclin E was detected using sc-481, a rabbit IgG raised against an amino acid sequence mapping to the COOH terminus of Cyclin E of rat origin. p21 waf1/cip1 was detected using anti-waf-1 (Ab5) from Calbiochem. The molecular weight of bands was determined using a broad-range protein ladder standard (Bio-Rad). Digitized images of the gels were quantitated using the NIH Image program to calculate the mean intensity and area of each band. All of the quantitations are expressed relative to a single band in each gel, either the initial time in the time course measurements (Fig. 4) or the outermost cell fraction (Fig. 7) .
Immunohistochemistry of Spheroid Sections. For immunohistochemical analysis of CKI expression, several spheroids were removed from a spinner flask and placed immediately into ice-cold PBS. Individual spheroids were removed, mixed with frozen tissue-embedding medium (HistoPrep; Fisher Scientific), and immediately frozen on a block of brass cooled in liquid nitrogen. The maximum time elapsed between any spheroid being in the culture vessel and being frozen was 5 min. Frozen spheroids were cut into 5-m-thick sections using a cryotome and prepared for immunohistochemistry analysis using standard techniques as described in detail elsewhere (35) . Sections were processed for immunohistochemistry, as described previously for frozen tumor sections (35) using the same antibodies as for the Western analysis followed by a fluorescein-labeled secondary antibody. Sections were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei, and false-color digital images of the two fluorochromes were created using standard image processing techniques (35) .
Immunoprecipitation and Kinase Activity Analysis. Whole cell extracts were prepared by lysing the cells in four cell pellet volumes of lysis buffer [50 mM Tris-HCl (pH 7.9), 150 mM NaCl, 20 mM EDTA, 0.5% NP40] for 30 min at 4°C. The lysates were clarified by centrifugation at 13,200 ϫ g, diluted to 10 7 cells/ml in lysis buffer and frozen at Ϫ70°C. For coimmunoprecipitation analysis, 10 6 cell equivalents were diluted in 1 ml of lysis buffer, followed by the addition of 20 g of primary antibody-agarose conjugate (Santa Cruz Biotechnology), or 1 g of primary antibody plus 15 l of Protein G-plus agarose (Santa Cruz Biotechnology). The lysates were incubated with rocking for 16 h at 4°C; the beads were washed three times in cold PBS, resuspended in sample buffer (as above), and heat denatured at 95°C for 10 min. Samples equivalent to 2.5 ϫ 10 5 cells per lane were fractionated on a 12% gel by SDS-PAGE, and protein expression was detected as described above. To assay cyclin-dependent kinase activity, immunoprecipitated kinase complexes were suspended in kinase buffer (for CDK6: 50 mM HEPES, 5 mM MnCl 2 , 10 mM MgCl 2 , and 1 mM DTT; for CDK2: 50 mM Tris-HCl, 10 mM MgCl 2 , and 1 mM DTT), and the reaction was initiated by the addition of ATP, [␥-32 P]ATP (NEN BLU502Z, 6000 Ci (222 TBq)/mmol), and substrate. The substrates were purified histone H1 (Boehringer Mannheim) for assessment of CDK2 activity and a GST-tagged COOH-terminal fragment of the retinoblastoma protein (Santa Cruz Biotechnology) for assessment of CDK6 activity. The reaction proceeded for 15-30 min at 30°C and was stopped by the addition of SDS sample buffer. The total reaction mix was applied to a gel, the proteins were fractionated, and bands were visualized by autoradiography.
RESULTS
Cell Cycle Distribution during Spheroid Growth. It has been previously reported that EMT6 cells cultured as spheroids are progressively accumulated in a quiescent state with continued growth (31, 32) . To examine the kinetics of this arrest, and to elucidate at which phase of the cell cycle it was occurring, we cultured EMT6 and MEL28 cells as spheroids for 7-8 days. At 24-h intervals, the multicellular aggregates were collected, sized, and dissociated by trypsinization; the cell yield was counted, and the cells were fixed and stained for DNA content analysis. In both cell lines, spheroid growth was well described by a Gompertz equation, indicating initial exponential growth with a progressively decreasing growth rate (Fig. 1) . As shown in Fig. 2 , there was a continuous increase in the G 1 -phase fraction over the entire growth period, with a corresponding decrease in the S-phase fraction and little change in the G 2 -phase fraction. However, the spheroid size and cell number continued to increase (Fig. 1) , indicating that there was a mixture of proliferating and quiescent cells in the spheroids (32) . G 1 -Phase Regulatory Protein Expression during Spheroid Growth. To determine whether the accumulation of G 1 -phase cells observed during EMT6 and MEL28 spheroid growth was due to changes in the expression of proteins known to be involved in G 1 -phase progression, Western analyses were performed on whole-cell lysates obtained from spheroids cultured for 0 (exponentially growing monolayer cells) to 7 days as nonadherent, multicellular aggregates (Figs. 3 and 4) . We found that in both cell types, the expression of p21 waf1/cip1 was up-regulated by 24 h of culture on the agarose dishes. In EMT6 cells, the level of p21 waf1/cip1 doubled over the first 2 days in spheroid culture and then remained constant. In MEL28 cells, the amount of p21 waf1/cip1 doubled in the first 3 days of spheroid culture and then declined to a level approximately one-half of that in the exponentially growing cells. p18
INK4c and p27 Kip1 were also rapidly induced and continued to increase to a level that was three or four times that found in exponentially growing cells. The increase in p18
INK4c and p27 Kip1 was more rapid in the EMT6 cells than in the MEL28 cells. There were no significant changes in the expression of either G 1 -phase cyclins (D1 or A) or CDKs (2, 4, or 6) in this initial growth period (data not shown).
DNA Content and Western Analysis of Cells from Discrete Spheroid Regions. In the previous experiments, all of the DNAcontent and Western analyses were performed on mixtures of cells derived from all locations within the spheroid. To investigate the spatial distribution of cell proliferation and CKI expression within spheroids, we grew spheroids to ϳ1200 m in diameter containing ϳ1 ϫ 10 5 cells. These spheroids were then selectively dissociated to yield cell suspensions from four discrete regions within the spheroid viable cell rim, with each fraction representing ϳ25% of the total spheroid cell number (33). 1 As documented previously (32, 35) , Fig.  5 shows that there is a progressive decrease in cells with an S-phase DNA content with increasing depth in the spheroid, mirrored by an increase in the G 1 -phase fraction. The G 2 -phase DNA content fraction remained relatively constant at 10 -15% for EMT-6 cells, and decreased from 15% to 4% in MEL28 cells. Western analysis of the same fractions (Figs. 6 and 7) indicated that p18
INK4c and p27
Kip1 increased with increasing depth into the spheroid. The increase in p18 INK4c (3-4-fold maximum) was higher than that of p27 Kip1 (2-fold and MEL28 (bottom panel) spheroids of ϳ1200 m in diameter. Data points and error bars are as described in Fig. 2 (n ϭ 3) ; lines, least-squares best fits to a logarithmic equation (r Ͼ 0.92).
MICROENVIRONMENTAL CONTROL OF CKI EXPRESSION IN SPHEROIDS
Research. Kip1 decreased in the cells from the innermost fraction to levels near that found in the outermost cells. Conversely, we noted a progressive decrease in the expression of p21 waf1/cip1 , again detectable by the second fraction. In this case, there was essentially no detectable p21 waf1/cip1 in the innermost fraction. One trivial explanation for the changes observed in Figs. 6 and 7 would be that the dissociation procedure itself altered protein expression in the cells. This seems unlikely because the entire procedure required only 30 -35 min, and the levels of different proteins increased, decreased, or stayed the same in different cell fractions. However, we did conduct several control experiments to investigate the effect of the dissociation on protein expression. Exponentially growing and plateau-phase monolayers were exposed to the trypsin dissociation buffer for up to 1 h at 37°C with no detectable alteration in the levels of p18
INK4c , p21 waf1/cip1 , or p27 Kip1 (data not shown). In a separate experiment, we dissociated spheroids into four fractions as above and then replated the cells in monolayer culture. For the cells from the innermost region, we did observe a decrease in the levels of p18 INK4c and p27 Kip1 and an increase in p21 waf1/cip1 , but only after 4 h in monolayer culture (data not shown). In a third experiment, we dissociated a population of spheroids as described and then combined all of the cells together in one sample. A second set of spheroids was frozen intact with no dissociation. Western analysis of proteins extracted from these two samples showed no detectable difference in any of the proteins shown in Figs. 6 and 7. Finally, we have done some limited immunohistochemistry analysis of frozen sections of spheroids that show patterns of p18 INK4c , p21 waf1/cip1 , and p27 Kip1 expression in situ (Fig. 8) . We chose to perform immunohistochemistry of these three CKIs because they showed the most dramatic alteration in the Western results. The images in Fig. 8 clearly demonstrate that p21 waf1/cip1 is expressed primarily on the outside of the spheroid, and both p18
INK4c and p27 Kip1 are expressed primarily in the middle and inner spheroid regions, very similar to the pattern of expression shown in Figs. 6 and 7. Thus, although the dissociation procedure may slightly alter protein expression levels, it seems extremely unlikely that the results shown in Figs. 6 and 7 are due to the dissociation procedure as opposed to representing the status of the cells in the spheroid.
To further clarify the role of CKIs in regulating cell cycle progression in different regions of spheroids, we also performed Western analysis of cyclins and CDKs associated with the G 1 -phase and the Fig. 6 . Western analysis of G 1 -phase regulatory protein expression in cells isolated from different locations within EMT6 (A) and MEL28 (B) spheroids of ϳ1200 um in diameter. Fraction numbers, cells from increasing depth within the spheroid and correspond to the four fractions shown in Fig. 7 . Gels are representative of results from three to five independent experiments. cyc, cyclin; CDK, cyclin-dependent kinase; CKI, CDK inhibitor. (Figs. 6 and 7) . In general, there was a relatively constant expression of CDKs 2, 4, and 6 in the first three fractions, with a decrease in the innermost fraction. The level of CDK2 in MEL28 spheroids appeared to decrease progressively with increasing depth in the spheroid. Except for the case of CDK4 in EMT6 spheroids, the levels of all of the G 1 -phase CDKs in the innermost fraction were less than one-half that found in the outer, proliferating cells. The levels of cyclins D1 and A were relatively constant in the outer fractions of EMT6 spheroids but decreased in the inner fractions. There was a progressive decrease in cyclins D1, A, and E in MEL28 spheroids. In both cell lines, the levels of the cyclins involved in G 1 -to S-phase transition were essentially undetectable in the innermost fraction. It is interesting to note that expression of all proteins, including p18
INK4c and p27 Kip1 , was decreased in the innermost cell fraction of spheroids of both cell lines. The innermost fraction of MEL28 spheroids had a low expression of all CDKs and cyclins measured, but expression of p18
INK4c remained elevated relative to the outermost fraction.
Cell Proliferation in Discrete Regions of EMT6 Spheroids. One ambiguity with conventional flow cytometric DNA content analysis is that knowledge of position in the cell cycle does not equate to proliferative status, because cells can be arrested in any stage of the cell cycle (36, 37) . To obtain an accurate estimate of the proliferative status of cells in spheroids, we used simultaneous cytometric measurement of DNA content and BrdUrd incorporation to compare the percentage of cells in S phase to those actively replicating their DNA. Spheroids measuring ϳ1200 m in diameter were given a 30-min pulse label of BrdUrd and then were dissociated into four equal fractions, and the results of this analysis were compared with standard DNA content analysis. As shown in Fig. 9 , the percentage of EMT6 cells found to be actually incorporating BrdUrd decreased from 43% to 3% with increasing depth into the spheroid viable rim, whereas the percentage of cells with S-phase DNA content decreased only from 39% to 12%. In MEL28 spheroids, there was a much closer concordance between the DNA content data and BrdUrd incorporation assay. The percentage of MEL28 cells found to be actually incorporating BrdUrd decreased from 50% to 2% with increasing depth into the spheroid, whereas the percentage of cells with S-phase DNA content decreased from 47% to 4%. These results indicated that conventional DNA content analysis can lead to an underestimation of the number of nonproliferating cells. Although outer-region S-phase cells were actively synthesizing DNA in both cell lines, many inner-region EMT6 cells with an S-phase DNA content were not progressing through the cell cycle. There was also an indication of a G 2 -phase arrest in the EMT6 cells, because the G 2 -phase fraction remained essentially constant (15-18%) whereas the percentage of cells incorporating BrdUrd was decreasing. Immunoprecipitation and Activity Analysis of CKI-CDK Complex Formation. Expression of CKIs is not in itself sufficient to inhibit CDK function; the CKIs must associate, in the appropriate ratio, with their target CDK to block CDK phosphorylation and activation by upstream regulatory proteins (9 -11) . The data in Fig. 7 suggested that not only were p18
INK4c and p27 Kip1 elevated in the spheroid regions in which cell cycle arrest begins, but the levels of their target CDKs were also reduced. For example, in MEL28 spheroids, the ratio of p27 Kip1 :CDK2 in fraction 3 was 3.8 times higher than in fraction 1, and the ratio of p18
INK4c :CDK6 was 5.6 times higher. To investigate this relationship more directly, coupled immunoprecipitation-Western blotting experiments were carried out to study the association of the CKIs with G 1 -and G 1 -S-phase CDK proteins, and to determine whether the association changed in accordance with alterations in cell cycle distribution in distinct regions of the spheroid (Fig. 10) . In both cell types, we found that, although the overall levels of CDK2 decreased with increasing depth into the spheroid, the amount of p27 Kip1 found complexed to this protein increased. Similarly, in both cell types, the overall level of CDK6 decreased in the inner spheroid region, but the relative amount of coimmunoprecipitated p18
INK4c increased. These observations suggested that both early and late G 1 -phase CDK-mediated events were progressively inhibited in the interior regions of EMT6 spheroids, accounting for the accumulation of noncycling cells.
To address whether CDK activity was in fact being inhibited by the increased association of CKIs in the inner spheroid regions of the EMT6 and MEL28 spheroids, we performed coupled immunoprecipitation and kinase activity assays on cyclin/CDK6 and cyclin/CDK2 complexes isolated from the four regions of the spheroids. We were unable to demonstrate CDK6 activity under any in vitro conditions in either cell type, suggesting that this kinase has very weak activity, that our conditions were not optimized, or a combination of the two. This former possibility is reasonable because most published accounts of CDK6 activity use cells designed to overexpress the kinase or in vitro reconstitutions with high concentrations of complex components (14) . However, when we examined CDK2 activity, with purified Histone H1 protein as substrate, we found that kinase activity did decrease at increasing depth into the spheroid (Fig. 11) . In EMT6 cell extracts, the level of CDK2 activity appeared to correlate more strongly with its level of expression, rather than associated p27 Kip1 , whereas in MEL28 cell extracts, Histone H1 phosphorylation was almost completely abrogated by the second fraction, indicating very efficient inhibition of activity.
DISCUSSION
Multicellular spheroids are known to mimic the growth characteristics of tumors and to develop gradients in proliferation with increasing size (1-3) . The quiescent state is generally assumed to be a response to microenvironmental stresses, such as nutrient or growth factor gradients, which develop within the cell aggregates. Although many of the metabolic and physiological adaptations accompanying quiescence in spheroids are known (6, 31, 32, 36, 38, 39) , neither the inducing signal(s) nor the ensuing molecular responses are understood. In both EMT6 and MEL28 spheroids, we found differential expression of p18 INK4c , p21 waf1/cip1 , and p27 Kip1 with respect to their location in the spheroid. p21 waf1/cip1 was expressed in the outer, proliferating cells, whereas p18
INK4c and p27 Kip1 expression became elevated with increasing depth into the spheroid, in concordance with Fig. 2 (n ϭ 3) ; lines, least-squares best fits to a logarithmic equation (r Ͼ 0.98). 
INK4c CKIs bound to these kinases. However, in EMT6 cells, CDK2 kinase activity decreased in proportion to its expression, whereas in MEL28 cells, CDK2 activity was completely inhibited by the second fraction, despite protein expression. There are several possible explanations for why the two cell lines differ in this respect. The EMT6 cell line is highly malignant and could contain a mutation in either p27 Kip1 or CDK2 that allows association of the two proteins but that does not permit the p27
Kip1 -induced conformational change in CDK2 that inhibits its activity (40) . Alternatively, although we did demonstrate an increase in p27 Kip1 association with CDK2, it is possible that unbound, active CDK2 remained in the cell.
The DNA content analyses presented in this study indicate that although the principle response of cells under these conditions is G 1 -phase arrest, cells are also arrested in the S-and G 2 -phases of the cell cycle. However, the EMT6 cells had a much higher ratio of nonproliferating:proliferating cells in S phase (S-phase arrest) than did the MEL28 cells, as well as more G 2 -phase arrested cells. Given that the two cell lines differ with respect to both CDK2 kinase activity and in their ratio of G 1 -phase to S-and G 2 -phase arrested cells, we propose the following hypothesis. In the inner three fractions of MEL28 spheroids, both CDK6 and CDK2 activity is inhibited, resulting in an almost complete accumulation of cells in G 1 . Conversely, in the EMT6 spheroids, any cell that has passed the CDK6-mediated checkpoint will then also pass through the deregulated CDK2/p27 Kip1 checkpoint and arrive in S phase. There, because of unknown factors, the cell will be unable to replicate its DNA and arrest, or will pass into G 2 phase and arrest. In both cell types, the S-and G 2 -phase arrest may be due to specific alterations in S-and G 2 -phase regulatory proteins, or may reflect the effect of a substance released from the spheroid necrotic center that nonspecifically induces arrest in all phases of the cell cycle (6, 41) . S-phase arrest has been observed in cells from tumors, and is indicative of extreme physiological conditions (37, 42) . Given that arrest can occur in all phases of the cell cycle, this study emphasizes the complexity of the system and the sensitivity with which cells respond to perturbations in their environment. Moreover, in light of the observation that in two different cell types, in two different species, we see microenvironmentally induced p27
Kip1 accumulation and association with CDK2, our data indicate that this pathway is an important and highly conserved response to the stresses encountered in the tumor environment.
The challenge remains to elucidate the signal(s) in the spheroid environment that regulates the expression of CKI proteins. p21 waf1/cip1 is induced by a variety of signals, including disruption of cell-matrix interactions (43) , decreased pH (44), genotoxic stress (45, 46) , hypoxia (47) , and nitric oxide (48) . Generally, and in direct contrast to what is observed in this study, these increases occur in conjunction with cell cycle delay (46, 49) . The distribution of p21 waf1/cip1 to the proliferating regions of the spheroid precludes its involvement, as a CDK inhibitor, in maintaining cell cycle arrest in this model. However, the lack of p21 waf1/cip1 in nonproliferating cells may reflect the putative role of this protein in DNA synthesis, as a part of a CDK/Cyclin/p21 waf1/cip1 /proliferating cell nuclear antigen (PCNA) complex (24, 50) . The question remains as to why its expression increases in small, proliferating spheroids as compared with exponentially growing monolayer cells. One intriguing possibility that could reconcile this disparity is that, during initial aggregate culture, the primary role of p21 waf1/cip1 is not that of a CDK inhibitor, but rather that of an inhibitor of stress-activated protein kinase (SAPK/JUNK; Ref. 51) . Conceivably, by inhibiting the activity of signal transduction pathways normally induced by "suboptimal" or stressful conditions, p21
waf1/cip1 could be enabling the cells to proliferate under conditions that would otherwise lead to apoptosis or arrest. A recent report by Mueller et al. (52) (54) , serum deprivation (55), glucose concentration (56), anchorage-independent growth (57) , and cell-cell contact (53) . Control of protein expression has been reported to be primarily posttranscriptional (58) , occurring at the level of mRNA stability (59) , translational efficiency (54) , and, most commonly, protein decay (58, 60) . A recent article (61) reported that p27
Kip1 was uniformly up-regulated in small aggregate cultures of EMT6 cells, as opposed to the spatially specific distribution described here. However, close attention to the methods used in the spheroid culture strongly suggests that all of the cells in the cultures were severely nutrient deprived, and it may be that p27
Kip1 was induced by a stressful environment, as we report, and not by aggregate culture per se. These authors also show that treatment of the spheroids with collagenase decreases p27
Kip1 expression, but this could also be because of the alterations in the spheroid environment, including medium resupply and expansion of the extracellular space, allowing more efficient nutrient penetration into the spheroid. We have preliminary data showing that removal of cells from the spheroid microenvironment causes a very rapid (Ͻ4-h) disappearance of p27 Kip1 , supporting this alternative interpretation.
The physiological stimuli that induce p18 INK4c have not been well defined. However, there is evidence, with the closely related p16 INK4a and p15
INK4b proteins, that INK4-CKI association with CDK4 occurs at the expense of p27 Kip1 , which then binds and inhibits CDK2 (62, 63). In both cell types, we saw an increase in the ratio of p18
INK4c
bound to CDK6 and p27
Kip1 bound to CDK2, suggesting that this may be occurring in spheroids. The observations that both of these CKIs are induced by the spheroid microenvironment, combined with their interaction with two different G 1 -phase CDKs, strongly suggests that G 1 -phase arrest is a highly conserved response to microenvironmental stress. The fact that EMT6 cells show a poor response in the p27 Kip1 / CDK2 pathway, yet still arrest mostly in G 1 -phase demonstrates the redundancy in cell cycle control.
Although we have begun to characterize the molecular changes that accompany cell cycle arrest in the multicellular spheroid, the physiological signals that induce these changes remain unknown. In a spheroid 1200 m in diameter, the viable rim of cells surrounding the necrotic core is ϳ225 m thick (6, 33, 34) , and, of that viable rim, only the outer two to three cell layers are proliferating at the rate of exponentially growing monolayer cultures. Given that detectable changes in DNA content and expression of cell cycle regulatory proteins are observed 60 m from the spheroid surface, these results strongly suggest that the signals inducing the changes in CKI and CDK expression are activated by very small changes in the spheroid microenvironment or by microenvironmental alterations that occur close to the spheroid surface. Although it is generally believed that hypoxia is related to cellular quiescence in solid tumors, there is evidence from the multicellular spheroid model that proliferative arrest occurs at relatively high oxygen concentrations (31, 35, 63) . Our data support these studies because: (a) we see an increase in CKI expression and G 1 -phase fraction in spheroids consisting of as few as ϳ200 cells, a size at which oxygen should not be a limiting factor; and (b) there is significant induction of CKIs and a decrease in S-phase cells only 60 m into the spheroid cell rim in large spheroids, a region that has been shown to have an oxygen tension many times higher than that which induces arrest in single-cell cultures (64) . Further-more, our unpublished results indicate that acute oxygen deprivation leads to arrest in all phases of the cell cycle, as opposed to the predominantly G 1 -phase-specific arrest presented here. This is in accordance with a recent report showing that severe hypoxia induces cell cycle arrest through alterations in CDK2, 2 which has a significantly reduced expression in the hypoxic regions of spheroids. On the basis of our present data, it is likely that more than one microenvironmental signal is acting to induce proliferation arrest in spheroids. Alternative signals that are relevant for the tumor microenvironment include lactate, glutamine, and glucose concentrations and pH, as well as growth factors, hormones, growth inhibitors, and extracellular matrix interactions.
The present finding of a differential expression of CKIs as a function of location within the spheroid also has implications for understanding CKI expression patterns in tumors. Recent work from several laboratories has demonstrated that expression of CKIs is variable between different tumors, and there have been many reports suggesting that expression of p27
Kip1 correlates with tumor stage, metastatic potential, and prognosis in a wide range of tumors (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) .
Interestingly, unlike what is observed with other CKIs (84 -88), specific mutations or deletions in the p27
Kip1 gene account for decreased expression in less than 1% of the tumors analyzed (60, 89 -91) ; the primary mechanisms found to date are enhanced protein degradation via the ubiquitin pathway (92) , and gene methylation (93) . Although the majority of reports indicate a strong correlation between p27
Kip1 expression and tumor malignancy, this is not a universal phenomenon (94) , particularly with endocrine tumors (95) . Most work with human tumors involves measuring expression of a particular CKI in an extract from a tumor sample or by immunohistochemical analysis of tumor sections with little or no consideration of microregional heterogeneity in expression. Thus, some degree of the variability in CKI expression observed in tumors is probably a result of microenvironmental heterogeneity, and global estimates of CKI expression may be misleading. Furthermore, our spheroid data show that induction of specific CKI expression by microenvironmental stress regulates tumor cell proliferation, implying that the loss or functional mutation of a specific CKI gene during malignant progression would lead to disruption of one of the few remaining mechanisms of proliferation control in tumors. This may explain the correlations observed between p27
Kip1 expression and prognosis, and suggests that an understanding of the role of CKIs in microregional proliferation control in tumors will have important therapeutic implications.
A final interesting result of these studies is the decrease in essentially all of the cell cycle regulatory proteins observed in the innermost spheroid fraction. As shown in Fig. 7 , these viable but nonproliferating cells have very low levels of cyclins D1, A, and E, reduced CDKs 2, 4, and 6, and essentially no p21 waf1/cip1 . Even the two CKIs that were induced in the middle spheroid region decrease in the innermost fraction. Experiments in which spheroids were dissociated into 10 fractions of cells showed that the innermost 10% of the population had essentially no expression of any of these cell cycle regulatory proteins. 1 It is important to note that there were no changes in either CDK or cyclin expression in small spheroids despite increases in CKI expression that accompanied the progressive accumulation of nonproliferating cells (Figs. 3 and  4) . The down-regulation of CDKs, cyclins, p27 Kip1 , and p18
was only seen in the innermost cells of large spheroids near the necrotic core, suggesting that this type of protein regulation is related to microenvironmental stress. As has been demonstrated previously (35) , these innermost cells of both of these cell lines can re-enter the cell cycle when removed from the spheroid microenvironment, but they show a very long lag period before resuming proliferation. We have shown that the loss of mitochondrial function and its subsequent recovery after replating is correlated with cell cycle arrest and resumption of proliferation (38) . The present results also suggest that the lag in proliferation for quiescent cells may be due, in part, to the need for these microenvironmentally stressed cells to basically reconstruct their entire cell cycle regulatory machinery. Preliminary work has shown that regrowth of these cells is preceded by marked increases in the levels of CDKs 2 and 6, cyclin D1, and p21 waf1/cip1 . Thus, it appears that tumor cell cycle regulation by the microenvironment is a complex interaction of CKI induction and stress-induced regulatory protein degradation.
